We point out new sources of CP -violation for leptogenesis at electroweak temperatures. In supersymmetric models, CP -violation leading to a lepton asymmetry can originate from the phase of the µ-term relative to soft gaugino masses or soft triscalar interactions. As an additional possibility, we consider a top-quark loop in a multiple Higgs doublet model. Leptogenesis from these non-leptonic CP -phases is also a viable mechanism for baryogenesis when the mass of the right-handed neutrinos is below the electroweak scale.
Introduction
In many scenarios for leptogenesis CP -violation originates from relative phases between Majorana mass terms of right-handed neutrinos and their Yukawa couplings to left-handed leptons and the Higgs fields [1] (for reviews, see e.g. [2, 3, 4, 5] ). This implies that the loop amplitudes, that interfere with the tree level amplitude and thereby lead to CP violation, are proportional to powers of the neutrino-Yukawa couplings. In these setups, there are typically two ways to obtain sufficiently large loop amplitudes for a successful leptogenesis:
• Through the see-saw mechanism, large Majorana masses lead to larger Yukawa couplings and therefore less suppression. Using the observational upper bounds on light neutrino masses [6] , this requires the mass of the lightest heavy right-handed neutrino to be larger than 10 8 GeV for thermal leptogenesis [7] . As this implies also a larger reheat temperature, it is possibly in tension with constraints from gravitino production in the presence of supersymmetry (SUSY).
• When assuming that at least two of the right-handed neutrinos are approximately mass-degenerate, the decay amplitude involving the wave-function renormalization of these particles can lead to a CP -violating decay asymmetry that is of order one. This mechanism is known as resonant leptogenesis [8, 9] .
The remainder of the paper is organized as follows. In Section 2, we present how a relative CP -violating phase between the µ-term and soft gaugino masses or trilinear interactions can source leptogenesis close to the electroweak temperature scale. In Section 3, we discuss how CP -violation from an extended Higgs sector can similarly feed into leptogenesis at low scale. Afterwards, in Section 4, an estimate of baryon asymmetry from these CP -violating scenarios is presented. In Section 5, we discuss a scenario in which the right-handed neutrino total decay rate is smaller than the expansion rate at the electroweak phase transition, and Section 6 contains a discussion of our results and conclusions.
CP -Violation from the µ-Term
Here, we show explicitly how CP -violation in leptogenesis can be sourced by a relative phase between the µ-term of the Minimal Supersymmetric Standard Model (MSSM) and the bino mass M 1 . A completely analogous mechanism will be at work in presence of a phase between µ and the soft wino mass M 2 . Additionally, we show that also a phase between µ and soft trilinear interactions can source leptogenesis. To be specific, we use the interaction A t that involves the right-handed stop particle in our calculation. However, as we discuss below, the analogous interactions involving staus may prove to be more interesting within the MSSM.
When imposing µ and M 1 to be real by field redefinitions, the CP -violating phase φ M µ can be isolated in the couplings between the Higgs, Higgsino and bino fields. Likewise, by choosing the trilinear interaction A t real, the CP -phase φ A µ appears only in the interactions mediated by µ. The relevant mass and interaction terms for the µ-term scenario for leptogenesis are (cf. Ref. [28, 29] )
where
We consider only one generation of leptons for simplicity and assume that leptogenesis occurs in the symmetric electroweak phase, which can be achieved by requiring that the ν R decay before the onset of the electroweak phase transition. Thermal corrections are absorbed in the mass terms, and we neglect all additional thermal corrections that can arise in the particle propagators and couplings. Therefore, we have to assume that the temperature at which the out of equilibrium decay of the ν R occurs is not too far above the electroweak scale. This ensures that the zero temperature contributions to the dimensionful parameters µ, M 1 , m H u,d , b and A t are not overwhelmed by thermal corrections and that our estimates are at least of order one accuracy. We leave the investigation of thermal effects, in particular of possible upper bounds on the temperature for leptogenesis in the scenarios presented here, to a more detailed future publication. With these assumptions and limitations stated, we can transform the scalar Higgs fields in the symmetric electroweak phase to a mass diagonal basis through
The mass-square eigenvalues for H
For m
Hu ≫ |b|, as it is often assumed in particular MSSM scenarios, the mixing angle is approximately given by sin α ≈ 2b/(m A µ is the source of CP -violation. Note that these conditions can be imposed without prohibitive constraints from zero temperature electroweak symmetry breaking conditions since thermal masses can be absorbed in the mass parameters to make them positive.
Our goal is to calculate the asymmetries in the decays of the ν R that arise from the Lagrangian (1). In order to compute the baryon asymmetry in the case where m ν R < T EW in Section 5, we use the decay asymmetries
where the subscripts indicate from which of the φ M,A µ the contribution is arising. The total decay asymmetries are needed for determining the baryon asymmetry in strong washout scenarios in Section 4. They are given by
In order to present a few details of the calculation, we first consider the contribution arising from φ M µ . In the mass-diagonal basis, the interaction terms involving g 1 read Figure 1 : Loop diagram contributing to the CP -violating decay of ν R .
From this set of interactions, we see the crucial importance of the mixing between H u,d for this source of CP -violation, and we can obtain the one-loop amplitude that is displayed in Fig. 1 . Its absorptive part is
Neglecting differences in final state phase space factors, the total decay asymmetries are
The phase φ M µ also sources CP -violation in the vertex correction to ν R → ℓ L + H 2 , which involves a slepton, a Higgsino and a bino in the loop. 1 We have checked that this contribution, just as the Higgs boson wave function correction, is proportional to g 2 1 µM 1 sin α sin φ M µ . Given the order one uncertainties from neglecting thermal corrections at T EW , we leave a presentation of the asymmetry resulting from the vertex correction to a future more comprehensive study of this scenario.
Regarding the case when φ A µ sources CP violation, one may object that in scenarios with soft mass unification, renormalization group running usually pushes squark masses to the scale of m H 2 or above. Besides, the present lower bound on the Higgs mass incurs also a large lower bound on the stop mass within the MSSM. Therefore, one may think of the stop loop scenario as a possibilty that is more attractive in extensions of the MSSM. Stop loops in the MSSM can be of relevance in the case of light ν R , that is considered in Section 5. For large tan β, the τ -Yukawa coupling can become sizeable. In this case, one may define in analogy with Eqs. (13) the quantity Λ τ = −|y τ | 2 µA τ , where |y τ | ≈ 0.010/ cos β, such that it is easy to see at what level stau loops contribute to leptogenesis.
CP -Violation from Top Loops
Within a non-supersymmetric model, or within an extension of the MSSM by additional Higgs doublets, one gains the freedom of coupling more than one Higgs field to one type of fermion. Making use of this freedom and furthermore adding N C = 3 right-handed top quarks t R and left handed quark doublets Q, there may be the following Yukawa interactions:
In the symmetric electroweak phase, we also allow for thermal masses m t R and m Q for t R and Q. In order to quantify CP -violation, we write y 1,2 = |y 1,2 | exp(iφ 1,2 ), h 1,2 = |h 1,2 | exp(iψ 1,2 ) and introduce the rephasing invariant angle
From an amplitude that is obtained when replacing the loop made out of Ψ e B and Ψ e H in the diagram displayed in Fig. 1 with a loop of t L and q L , we find the decay asymmetry
and
In the limit where m H 2 ≫ m H 1 , m t , m Q , we find
In the same limit, the total asymmetry is
These expressions take a qualitatively different form from µ-term asymmetries (12) and (15), because CP -violation is not originating from soft terms but from Yukawa couplings. Therefore, one may expect this result to be more robust with respect to thermal corrections. To reduce temperature effects, it is also possible to replace the top loop by a loop of third generation leptons, which are subject to smaller thermal corrections than quarks. Again, we relegate a study of finite temperature effects to a more detailed publication.
Baryon Asymmetry in Strong Washout Scenario
In order to estimate the resulting baryon asymmetry in the strong washout scenario, we apply the estimates presented in Ref. [30] . In the one flavor model, the light neutrino mass is given by the see-saw formula, which in large tan β-approximation ism = y 2 v 2 /m ν R , where v = 246 GeV is the Higgs vacuum expectation value.
2 The baryon to photon ratio in the strong washout scenario is then given by
where we assume g * = 228.75 relativistic degrees of freedom at the temperature of leptogenesis. Within a typical scenario of SUSY breaking with light sleptons, the sphaleron conversion factor at temperatures just above the electroweak phase transition is given by B/(B − L) = 0.23 [32] . Besides, for Eq. (23) to be applicable, lepton number violating scatterings have to be negligible, which is the case whenm > 2 × 10 −3 eV [30] .
where n H 2 denotes the number density of the sum of the weak isospin components of H 2 , and a is the scale factor of the Universe. Since we are interested in the asymmetry of active leptons that are produced until sphaleron freeze-out, this equation needs to be integrated from the beginning of the Universe to the electroweak phase transition. However, n H 2 becomes Boltzmann suppressed when T = m H 2 , which we therefore take as the endpoint of integration. Besides, the main contribution to the decay integral comes from late times, at temperatures just above m H 2 . We therefore ignore temperature corrections for the decay rate, which is
in the µ-term scenario and
in the top-loop case. Using
where s is the entropy density, we find
where κ µ = sin 2 α and κ t = |y 2 | 2 /|y 1 | 2 . In order to make a relation to the light neutrino massm, we have assumed large tan β for the supersymmetric model and v(H 1 )/v(H 2 ) ≫ 1 in the broken electroweak phase at zero temperature for the top loop model, where v(H 1,2 ) denotes the vacuum expectation value of H 1,2 . The lepton asymmetry is then just given by ε M,A,t × n µ,t H 2 →ν R . For baryogenesis from the µ-term, when m
whereas in the top loop scenario with m H 2 ≫ m H 1 , we find
Hence, for T EW > m ν R > 1 GeV, there is ample room for successful leptogenesis, whereas for m ν R < 5 keV, the resulting baryon number is to small even for maximal CP -violation.
Conclusions
We have presented examples where the CP -violating phases for leptogenesis do not originate from the leptonic sector. This allows the right-handed neutrinos to be as light as the electroweak energy scale without spoiling thermal leptogenesis. One may categorize these scenarios as an alternative road for lowering the temperature scale for leptogenesis.
A clear advantage of the example where CP -violation is sourced by the µ-term is its ability to evade the gravitino bound, which typically plagues supersymmetric leptogenesis scenarios with non-degenerate right-handed neutrinos. The example with the top loop shows that the possibility of feeding a non-leptonic CP -violating phase into leptogenesis is generic and not tied to supersymmetry. Finally, the scenario in Section 5, where the ν R are strongly out of equilibrium, shows that the the right-handed neutrino masses can be smaller than the electroweak scale and still participate in leptogenesis through a potentially measurable CP -violating phase.
It is interesting to put the predictions (24) and (33) for the phases of the µ-term into relation to the theoretical implications of present observational bounds on neutron, electron and atomic electric dipole moments. For large masses of order 1 TeV for squarks and sleptons of the first two generations, the phase φ
